• Photocrosslinkable water-soluble maleilated chitosan was synthesized.
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MPa, which was in the range of that of articular cartilage. The in vitro cytotoxic evaluation and cell culture of the micro/nanocomposite hydrogels in combination with mouse articular chondrocytes were also investigated. The results demonstrated that the micro/nanocomposite hydrogels with TGF-β1 was biocompatible to mouse articular chondrocytes and could support cells attachment well, indicating their potential as tissue engineering scaffolds for cartilage repair.
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Introduction
Articular cartilage injury is often caused by traumas, diseases and sport accident, and difficult to self-healing due to avascularity and a poor supply of repair cells around the tissue [1] . Even though a variety of current clinical treatments including autografts, allografts, mosaicplasty, and microfracture have been employed for cartilage defect repair [2] , these treatments normally remain unsatisfactory and inefficient. Additionally, the clinical treatments still involve high risk of disease transmission [3] .
One alternative strategy for dealing with cartilage damage is to develop tissue properties and most importantly, structural similarity to extracellular matrix in cartilage tissue, which promote cell adhesion migration and proliferation [4] [5] [6] . A number of approaches, such as ionic crosslinking [7] , hydrogen bonding interaction [8] , and covalent crosslinking [9] have been developed to fabricate the hydrogel scaffolds. Among these approaches, photo-triggered covalent crosslinking (photocrosslinking) technology has recently attracted increasing attentions due to the fast curing rate at physiological temperature, the low degree of invasiveness, and the temporal or spatial control for easy manipulation [10] , which endows the fabricated hydrogels with unique morphologies and structures, favoring to control cellular behaviors [11] . And these characteristics are fatal to injectable hydrogels formed in situ in defected sites for cartilage repair.
Numerous synthetic and natural polymers, including poly (ethylene glycol) [12] , gelatin [13] , hyaluronic acid [14] and chitosan [15] , have been currently employed for the fabrication of photocrosslinking hydrogels as tissue scaffolds for cartilage repair.
However, hydrogels composed of synthetic materials are often bio-inert, while natural hydrogels are bioactive but mechanically inferior. And these are major limitations for cartilage tissue applications. To overcome these limitations, nanoparticles enhanced natural hydrogels were investigated [16] [17] [18] . Unfortunately, these nanoparticles
including nanoclay, nano-hydroxyapatite and nanosilicates are non-biodegradable.
To solve the abovementioned problems, in this study, we employed micro/nanoparticles based on natural polymers to reinforce natural hydrogels as scaffolds for cartilage repair. In view of bionics, we chose chitosan and silk fibroin micro/nanoparticles to prepare the hydrogel scaffolds by resembling the extracellular matrix of native cartilage. Chitosan, a naturally polysaccharide, is an attractive biopolymer for cartilage repair due to its biocompatibility, biodegradability, and most importantly, structural similarity to glycosaminoglycan found in cartilage, which can create a favorable chondrogenic microenvironment for cartilage tissue [19] . Silk fibroin, a naturally fibrous protein, is also a promising biomacromolecule for cartilage repair attributed to its biocompatibility, biodegradability and structurally mimicking the collagen architecture of native cartilage which promotes the growth of chondrocytes [20] . To prepare the photocrosslinkable hydrogels, chitosan and silk fibroin micro/nanoparticles were modified to attach highly reactive vinyl groups respectively, and then the photocrosslinked maleilated chitosan/methacrylated silk 
Synthesis of water-soluble maleilated chitosan (MCS)
For further photopolymerization at physiological pH, a modified chitosan carrying vinyl carboxylic acid groups was designed and synthesized. Briefly, 1.0 g of chitosan was suspended in 110 mL of dimethyl sulfoxide (DMSO) with maleic anhydride (3.5 g) in the flask, and stayed for 24 h at 60 ℃. After that, saturated NaHCO3 solution was added to the reaction mixture to adjust the pH to 8-9. The mixture was precipitated by acetone and then dialyzed (membrane molecular weight cut-off 12000
g·mol -1 ) against water for 2 days. After that, the dialyzed solution was frozen at -40 ℃ for 24 h, and lyophilized for 48 h with the temperature about -45 ℃ and vacuum degree below 10 Pa to obtain pure MCS. FTIR spectra and 1 H NMR spectrum was recorded on a Bruker Tensor 27 instrument and Bruker AV 400 NMR instrument (Bruker, Germany), respectively.
Synthesis of methacrylated silk fibroin (MSF) micro/nanoparticles
For photocrosslinking with MCS, silk fibroin micro/nanoparticles with vinyl group on the surface were prepared. Briefly, 2.0 g of silk fibroin micro/nanoparticles were dispersed in 60 mL dimethyl sulfoxide (DMSO). Then, 3.0 g of 2-isocyanatoethyl methacrylate was added and the reaction mixture was stirred for 12 h at 60 ℃. The mixture was precipitated by acetone and then dried under vacuum for 2 days and stored at -5 ℃ in the dark. X-ray photoelectron spectra were recorded on Shimadzu SPM-9700 instrument equipped with an Al-Kα radiation source (1486.6 eV). it has been demonstrated to be the least cytotoxic to various cells [21] . Then, the blend solution was transferred into a disk-shaped mould consisting of two glass microslides separated by a spacer, and irradiated with an Omnicure Series 1000 UV light source (60 mW/cm 2 , Exfo, Canada) for 30 min at ambient temperature. To obtain TGF-β1-containing micro/nanocomposite hydrogels, TGF-β1 solution was added to the MCS/MSF solution giving a final concentration of 50 ng/mL before the photocrosslinking process.
Preparation of photopolymerized micro/nanocomposite hydrogels
A 6 % (w/v) MCS
Rheological measurements
In situ dynamic photorheology [22] was applied to measure the elastic and viscous moduli during photopolymerization. A Haake Mars Rheometers (Thermo Fisher Scientific Inc.) equipped with a UV curing attachment and 20 mm parallel plate geometry was used to characterize the photocrosslinking kinetics. The upper plate was made of an optically transparent quartz acting as filter for UV light with a cut-off of 320-400 nm. The gap setting was fixed as 1.0 mm. Light intensity (60 mW/cm 2 ) was used for the crosslinking reaction of the precursor. Time-sweep oscillatory tests were performed at 25 ℃ at strain amplitude of 1.0 % and a 6.28 rad/s, which was within the linear viscoelastic region [23] . The storage and loss modulus values were continuously recorded by Haake RheoWin measuring and evaluation software.
Equilibrium water uptake
Lyophilized photopolymerized MCS/MSF micro/nanocomposite hydrogels
(weighted as W1) were submerged in phosphate buffered saline (PBS) buffer solution (pH=7.4) at 37 ℃ for 48 h to reach swelling equilibrium. Swollen gels removed from the solution were dried superficially with filter paper, weighted as W2. The equilibrium water uptake (EWU) was calculated as: EWU = (W2-W1)/W1.
Sol determination
Sol content is an index reflecting the amount of the uncrosslinked macromolecules in hydrogels. It can be determined as follows: the lyophilized photocrosslinked MCS/MSF micro/nanocomposite hydrogels (dry mass recorded as m0) were swollen three times in purified water at 37 ℃, with the water replaced every 12 h. The gels were again frozen, lyophilized and the final mass recorded as m1. The sol content was calculated as: sol = (m0-m1)/m0.
Mechanical test
Unconfined compression testing of photocured MCS/MSF micro/nanocomposite hydrogels was carried out on an Instron 5848 microtester (Instron, Norwood, MA, USA) with 10 kN load cell at a compression rate of 0.5 mm/min. The fracture stress and strain were determined with the failure point of the stress-strain curve, and the compressive strength was calculated. Three samples of each type of the hydrogels were examined in this experiment.
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The morphology of the micro/nanocomposite hydrogels
To visually investigate the surface morphology of photocrosslinked MCS/MSF micro/nanocomposite hydrogels, a Jeol Model JSM-6510 scanning electron microscope (SEM) was used to analyze the pore structure. The freeze-dried samples were loaded on the surface of an aluminium SEM specimen holder and sputter coated with gold before observation. The accelerating voltage was 20 kV.
Cytotoxicity assays
To evaluate the cytotoxicity of the hydrogels toward to MACs, the sterilized photocrosslinked MCS/MSF micro/nanocomposite hydrogels with/without TGF-β1
were incubated in culture medium at extraction ratio of 1.25 cm 2 /mL for 24 h at 37 ℃, after which the hydrogels were removed and the extraction medium was obtained.
200 μL of MACs suspension was seeded in 96-well plate at a concentration of 10 5 cells/well. After incubation at 37 ℃ for 1 day, the culture medium was instead of the extraction medium. After 1 day, the extract was removed and 20 μL of MTT solution was added to each well. MACs were allowed to incubate at 37 ℃ (5 % CO2) for 4 h, and then the formazan reaction products were dissolved in dimethyl sulfoxide (150 μL) and the plates were shaken for 10 min. The optical density of the formazan solution was read on an ELISA reader at 568 nm. 
Results and Discussion

Synthesis of MCS and MSF micro/nanoparticles
Chitosan is actually insoluble in water at physiological pH, which limits it from being widely used in many biomedical applications as tissue engineering scaffolds, drug carriers for controlled release, and genetic materials [24] . To improve the solubility of chitosan in water and facilitate the further photocrosslinking process, chitosan was modified by high hydrophilic carboxyl group and vinyl group to its reactive amino or hydroxyl groups. Here, chitosan was reacted with maleic anhydride to obtain water-soluble MCS. Vinyl groups on the side chain gave MCS a chance to further crosslinking to form network hydrogels. FTIR analysis was used to confirm 
Rheological study
The schematic of photopolymerizable MCS/MSF hydrogels formation is exhibited in Fig. 3(a) . To further investigate the photopolymerization process, in situ photo
rheology was applied. This method can monitor the change in modulus during the sol to gel transition in photopolymerizable hydrogel precursors [29] , which can reflect the formation of hydrogel and crosslinking density [30] . Figure 3 
Equilibrium water uptake and sol content
The equilibrium water uptake (EWU) and sol content of different MCS/MSF micro/nanocomposite hydrogel formulations were characterized and the results are summarized in Table 1 . As illustrated, all the MCS based hydrogels exhibited high levels of equilibrium water uptake (> 8.0 times), obviously higher than that of other hybrid chitosan hydrogels (< 2.0 times) reported previously [32] . In this study, MCS is of anionic nature with hydrophilic carboxylate group in the molecular chain. In the alkaline environment, the dominant charges in the hydrogels were dissociated carboxylate group, which repelled electrostatically between molecules to form a loose network structure, leaving more water molecules to diffuse easily into the network and thus demonstrating high swelling.
When the level of MSF micro/nanoparticles increased, equilibrium water uptake of the micro/nanocomposite hydrogels decreased from 13.49±0.93 to 8.79±0.71.
Meanwhile, sol content, an index reflecting the amount of the uncrosslinked macromolecules, declined significantly from 0.18±0.01 to 0.10±0.03, along with the increase of MSF content. It can be probably ascribed to the increase of the crosslinking density in the MCS/MSF micro/nanocomposite hydrogel system when MSF micro/nanoparticles content increased. Higher crosslinking density leads to a denser structure, which is helpful to hold the water content [33] . Equilibrium water content of MCS/MSF micro/nanocomposite hydrogels, calculated by the following 
Conclusions
Photocrosslinkable MCS/MSF micro/nanocomposite hydrogels were prepared from MSF micro/nanoparticles dispersed in MCS aqueous solutions by consequent photopolymerization process. EWU and sol content of the micro/nanocomposite hydrogels decreased with MSF content raised. The hydrogel exhibited the compressive modulus of 0.32±0.07 MPa, which was in the range of that of articular cartilage. The in vitro cytotoxic evaluation and cell culture results showed the micro/nanocompsite hydrogels with TGF-β1 were biocompatible to mouse articular chondrocytes and could support cells attachment well, indicating their great potential as tissue engineering scaffolds for cartilage repair.
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